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temporal (a large number of samples collected over the entire reach or at single locations over a long period of time) inorganic nutrient (nitrate plus nitrite and orthophosphorus) data using a combination of discrete samples and sensor-measured data during 2012 through 2015.
Nutrient patterns observed in Indian Creek along the upstream-downstream gradient during wastewater effluent dominated streamflow conditions were largely affected by the WWTFs and by travel time of the parcels of water. Nitrate plus nitrite concentrations in the Middle Basin WWTF effluent and at downstream sites varied by as much as 6 milligrams per liter over a 24-hour period. The cyclical variability in the Middle Basin WWTF effluent generated a nitrate plus nitrite pulse that could be tracked for approximately 11.5 kilometers downstream in Indian Creek, until the effect was masked by the Tomahawk Creek WWTF effluent discharge. All longitudinal surveys showed the same general patterns along the upstreamdownstream gradient, though streamflows, wastewater effluent contributions to streamflow, and nutrient concentrations spanned a wide range. Differences in orthophosphorus and nitrate plus nitrite patterns were clear along the upstream-downstream gradient in Indian Creek, and orthophosphorus concentrations were not as variable as nitrate plus nitrite concentrations. In general, nitrate plus nitrite concentrations decreased downstream from the Middle Basin WWTF to minima near the confluence with Tomahawk Creek, increased downstream from the Tomahawk Creek WWTF, and then varied little within the study reach. Orthophosphorus concentrations generally decreased downstream from the Middle Basin WWTF.
Despite the marked variability in nitrate plus nitrite concentrations caused by the Middle Basin WWTF effluent discharges, decreases in nitrate plus nitrite concentrations were discernable along the study reach between the two WWTFs. Decreases in nitrate plus nitrite concentrations along study reach were less variable than the cyclical variability typically measured, reiterating the effect of the Middle Basin WWTF effluent discharges on the spatiotemporal variability of nitrate plus nitrite in Indian Creek. Although decreases and rates of change in nitrate plus nitrite concentration were similar between the upper and lower reaches of Indian Creek, relations with initial nitrate plus nitrite concentrations and seasonal patterns were different between the upper (from College to the Marty study sites) and lower reaches (from Marty to the Mission Farms study sites) and did not reflect patterns observed for the overall reach. Quantifying the decreases in nitrate plus nitrite concentration caused by dilution and other in-stream processes were beyond the scope of this study, and were limited by available data. The data that are available suggest that dilution and other in-stream processes play a role in decreasing nitrate plus nitrite concentrations downstream from the Middle Basin WWTF in Indian Creek.
Analysis of the spatiotemporal variability of nutrients focused on below-normal and normal streamflow conditions, when streamflow and nutrient conditions in Indian Creek were largely controlled by WWTF effluent flows and nutrient removal processes. Spatial and temporal data indicate there are decreases in nutrient concentrations along the upstream-downstream gradient in Indian Creek, but quantifying decreases is complicated by the variability in nutrient concentrations caused by the WWTFs. During below-normal and normal streamflow conditions, Indian Creek nutrient concentrations downstream from the Middle Basin WWTF primarily reflect effluent concentrations in the hours or days before depending on relative distance downstream.
Introduction
Nutrients, particularly nitrogen and phosphorus, are a leading cause of water-quality impairment in Kansas and the Nation (Kansas Department of Health and Environment, 2004; U.S. Environmental Protection Agency, 2009 ). The Kansas Surface Water Nutrient Reduction Plan set reduction targets for total nitrogen and phosphorus export from Kansas at 30 percent (Kansas Department of Health and Environment, 2004) . Understanding the variability of nitrogen and phosphorus in Kansas streams will help develop effective nutrient reduction strategies, watershed management plans, and best management practices.
Indian Creek ( fig. 1 ) is one of the most urban drainage basins in Johnson County, Kansas, and environmental and biological conditions are affected by contaminants from point and other urban sources others, 2009, 2012; Rasmussen and Gatotho, 2014; Graham and others, 2014) . The Johnson County Douglas L. Smith Middle Basin (hereinafter Middle Basin) Wastewater Treatment Facility (WWTF) is the largest point-source effluent discharge on Indian Creek (Graham and others, 2014; fig. 1) . A second facility, the Tomahawk Creek WWTF, discharges into Indian Creek approximately 11.6 kilometers (km) downstream from the Middle Basin WWTF ( fig. 1) .
During 2011-13, the U.S. Geological Survey (USGS), in cooperation with Johnson County Wastewater (JCWW), performed a study to assess the effects of wastewater effluent on the environmental and biological conditions of Indian Creek. Two upstream sites were compared to four sites located downstream from the WWTFs using data collected during June 2004 through June 2013 (Graham and others, 2014) . Results from that study indicated that wastewater effluent has a substantial effect on nutrient concentrations in Indian Creek. Nitrogen and phosphorus concentrations downstream from the WWTFs were 10-to 100-times higher than at the upstream sites during below-normal and normal streamflow conditions. Along the upstream-downstream gradient, nitrogen and phosphorus concentrations were elevated immediately downstream from the Middle Basin WWTF, and decreased with increasing distance downstream until reaching the Tomahawk Creek WWTF (Graham and others, 2014) . Although broad changes in nutrient concentrations along the upstream-downstream gradient were characterized by the Graham and others (2014) study, spatial data were limited to six sites. Optical sensors were used to measure nitrate plus nitrite every 15 minutes during March 2012 through June 2013; however, temporal variability was not evaluated by Graham and others (2014) .
To better characterize the spatiotemporal variability of nutrients in Indian Creek, the USGS, in cooperation with the Kansas Department of Health and Environment (KDHE) and JCWW, collected high-resolution spatial data using a combination of discrete samples and sensor-measured data from 2013 through 2015. These spatial data provided insights into nutrient transport downstream from the Middle Basin WWTF, and allowed a more comprehensive analysis of the sensormeasured nitrate plus nitrite data collected from March 2012 through June 2013.
Purpose and Scope
The purpose of this report is to describe inorganic nutrient (nitrate plus nitrite and orthophosphorus) variability in Indian Creek, Johnson County, Kansas, using spatially and temporally dense data collected from March 2012 through August 2015. Two intensive spatial studies performed during summers 2014 and 2015 included sensor-measured nitrate plus nitrite and collection of discrete orthophosphorus samples. Two additional spatial studies in 2013 and 2015 collected sensor-measured nitrate plus nitrite data. Sensormeasured nitrate plus nitrite data collected every 15 minutes during March 2012 through June 2013 were used to describe spatial and temporal (cyclical and seasonal) variability in concentrations. The high-resolution spatial data provided insight about the effect of the Middle Basin WWTF on Indian Creek nitrate plus nitrite concentrations and informed the analysis of the high-resolution temporal data collected during March 2012 through June 2013. Study results provide insight into the variability of nitrate plus nitrite concentrations and orthophosphorus concentrations in an urban, wastewater effluent dominated stream, and study results improve understanding of the effect of point-source discharges on water quality in urban areas.
Description of Study Area
The Indian Creek drainage basin is 194 square kilometers (km 2 ) and includes parts of Johnson County, Kansas, and Jackson County, Missouri (not shown). About 86 percent of the Indian Creek drainage basin is located in Johnson County, Kansas. Indian Creek flows east from its headwaters in central Johnson County, Kansas, to the Blue River, approximately 3.5 river miles downstream of State Line. Overall, 93 percent of land use in the Indian Creek drainage basin is classified as urban and 47 percent is classified as impervious surface (Graham and others, 2014) . Recreational areas, including golf courses and streamway parks, border much of Indian Creek ( fig. 1) .
Two WWTFs, Middle Basin and Tomahawk Creek, discharge into Indian Creek within Johnson County, Kansas ( fig. 1 ). The Middle Basin WWTF originally was constructed in the 1950s as a facultative lagoon plant and has undergone numerous upgrades to increase capacity and improve technology. The most recent (2007-10) upgrades increased design capacity from 18.6 cubic feet per second (ft 3 /s) to 22.4 ft 3 /s (12 to 14.5 million gallons per day) and added a biological nutrient removal activated sludge system. The Tomahawk Creek WWTF, originally constructed in 1955, is a trickling filter plant and has a design capacity of 15.5 ft 3 /s (10 million gallons per day; Susan Pekarek, Johnson County Wastewater, written commun., 2013).
The spatiotemporal variability of nutrients in Indian Creek was characterized using a combination of 
Methods
Four spatially dense longitudinal surveys were performed on Indian Creek during 2013-15, and included a combination of floating-sensor arrays, discrete sample collection, and fixedsite sensors to describe spatial variability along the upstreamdownstream gradient. During July 23, 2014 and August 26, 2015, nitrate plus nitrite and other water-quality parameters were measured at two or three fixed sites (Switzer, Middle Basin WWTF, and Marty; fig. 1 , table 1) to provide insights into downstream nutrient transport and temporal analysis. Previously collected streamflow and nitrate plus nitrite data at six fixed sites ( fig. 1 ) on Indian Creek and Tomahawk Creek (119th, College, Marty, Mission Farms, Tomahawk, and State Line) during March 2012 through June 2013 were used to describe spatial and temporal (cyclical and seasonal) variability in concentrations along the upstream-downstream gradient. Methods used to measure previously collected streamflow and nitrate plus nitrite data are described in Graham and others (2014) . All data collected as part of this study and by Graham and others (2014) are available through the USGS National Water Information System (NWIS) at http://dx.doi. org/10.5066/F7P55KJN and in King and others (2016a, b) .
Spatially Dense Longitudinal Surveys
Spatially dense longitudinal surveys collected sensormeasured water-quality data on May 23, 2013 and July 30, 2015 at normal or slightly above-normal streamflow conditions using a floating-sensor array ( fig. 2 ). Spatially dense longitudinal surveys performed on July 23, 2014, and August 26, 2015, collected sensor-measured water-quality data using a floating-sensor array at fixed sites, as well as discrete nutrient samples (every 0.5 or 1.0 km; fig. 1 ) during belownormal streamflow conditions. Streamflow was measured and discrete water-quality samples were collected at five tributary sites during the 2014 and August 2015 surveys. Periphyton and streambed sediment data were collected every 1.0 km during the 2014 survey following the methods described in Graham and others (2014) . The periphyton and streambed sediment data did not substantially add to this analysis or interpretation, but are available through NWIS at http://dx.doi. org/10.5066/F7P55KJN. The May 23, 2013, survey was a pilot performed on a 3.4-km reach starting at the College site and ending short of the Marty site. The other three surveys were performed on a 13.2-km reach of Indian Creek starting approximately 0.4 km upstream of the Middle Basin WWTF and ending at State Line site.
Spatially Dense Water-Quality Data Collection
Multiparameter water-quality monitors (YSI EXO2; Yellow Springs Instruments, 2014) measured temperature, specific conductance, turbidity, pH, and dissolved oxygen at 30-second intervals. These water-quality data did not substantially add to this analysis or interpretation, but are available in King and others (2016a, b) . Optical nitrate sensors (Hach Nitratax plus sc, 5 mm) measured at 30-second intervals. The nitrate sensor does not differentiate between nitrate and nitrite; therefore, all reported concentrations include nitrate plus nitrite (Pellerin and others, 2013) . For simplicity, nitrate is used throughout the report to refer to the sensor-measured data. All sensors were mounted to floating platforms, either a custom boogie board (2013 survey; fig. 2A ) or kayaks (2014 and 2015 surveys; fig. 2B ), at approximately 0.3 meters (m) below the water surface. Care was taken to minimize disturbance of bottom sediments during data collection when using the floating-sensor platforms. All sensors were calibrated before each deployment in accordance with USGS protocols (U.S. Geological Survey, variously dated; Pellerin and others, 2013 ) and manufacturer's guidelines (Yellow Springs Instruments, 2014) . The locations of the floating platforms were recorded every 30 seconds using a global positioning system (GPS; Garmin Montana 650T). All data loggers had their time synchronized at the beginning of collection events. Sensormeasured data were reviewed and erroneous spikes were deleted before analysis and interpretation.
Discrete Nutrient Samples
Water samples for nutrient (nitrogen and phosphorus) analyses were collected at 0.5 or 1.0-km intervals along Indian Creek from Switzer to State Line sampling sites, the Middle Basin and Tomahawk Creek WWTF effluent discharges, and five tributary streams (Tributaries 1-4 and Tomahawk Creek; fig. 1 ) during the July 23, 2014, and August 26, 2015, surveys. In 2014, samples in shallow water (less than 0.5 m) were collected by surface grab. Samples in water deeper than 0.5 m were collected using a depth integrated sampler (DH-81). Samples either were collected directly into sample bottles (Zar, 1999) . Most replicate pairs of nitrate plus nitrite had RPDs that were less than or equal to 5 percent. One replicate pair had an RPD of 11 percent; however, concentrations in these samples were low (0.33 and 0.37 milligrams per liter [mg/L] as nitrogen). All replicate pairs of orthophosphorus had RPDs that were less than or equal to 2 percent.
Sensor-Measured Water-Quality Data at Fixed Sites
Nitrate sensors and other water-quality instrumentation deployed during the 2011-13 study were removed at the end of June 2013. Temporary fixed sites were installed at Switzer (2014 only), Middle Basin, and Marty during the July 2014 and August 2015 surveys ( fig. 1 ). Optical nitrate sensors (Hach Nitratax plus sc, 5 millimeters) measured nitrate concentrations at 15-minute intervals. Multiparameter water-quality monitors (YSI EXO2; Yellow Springs Instruments, 2014) measured temperature, specific conductance, turbidity, pH, and dissolved oxygen at 15-minute intervals. All sensors were calibrated before each deployment in accordance with USGS protocols (U.S. Geological Survey, variously dated; Pellerin and others, 2013) and manufacturer's guidelines (Yellow Springs Instruments, 2014) . Data were quality assured using guidelines detailed in Wagner and others (2006) . The temperature, specific conductance, turbidity, pH, dissolved oxygen data did not substantially add to this analysis or interpretation, but are available in King and others (2016a, b) .
Streamflow
Streamflow has been measured at the Marty site since 1963 and the State Line site since 2003 using standard USGS methods Turnipseed and Sauer, 2010) . Data from these sites were used to describe Indian Creek streamflow conditions during the four longitudinal surveys. The Middle Basin and Tomahawk Creek WWTFs keep a daily record of wastewater effluent discharge volume and were obtained from JCWW for the time period surrounding each of the longitudinal surveys (Doug Nolkemper, Johnson County Wastewater, written commun., 2013 . Wastewater effluent contributions to streamflow were estimated using daily effluent discharge volume and daily mean streamflows.
Several tributary streams contribute to Indian Creek ( fig. 1 ). For measuring tributary contributions to streamflow in Indian Creek, discharge was measured at five tributary streams (tributaries 1-4 and Tomahawk Creek; table 1; fig. 1 ) during the July 23, 2014, and August 26, 2015, surveys. Tributary discharge was measured using a Flowtracker acoustic velocity meter (AVM) as described in Turnipseed and Sauer (2010) . Tributary streamflow measurements were rated from "fair" (5 to 8 percent uncertainty) to "poor" (greater than 8 percent) based on USGS measurement standards . When analyzing the maximum contribution of tributary streamflow to Indian Creek, the maximum uncertainty error value was used for fair measurements (8 percent), and an error value of 15 percent was selected for poor measurements. The selection of 15 percent seemed a reasonable value for the "greater than 8 percent" standard, however this value was arbitrary. Tributaries with no streamflow were not assigned an uncertainty rating. All streamflow data are available through NWIS at http://dx.doi.org/10.5066/F7P55KJN.
Data Analysis
Most of the analyses include only data collected at below-normal and normal streamflow conditions, when wastewater effluent dominated streamflows. Below-normal, normal, and above-normal streamflow conditions were defined in Graham and others (2014) using the USGS WaterWatch Website percentile class breaks (U.S. Geological Survey, 2014). Below-normal (less than 25th percentile) and normal (25th to 75th percentile) streamflow conditions were chosen for this study because they best represent WWTF effluent-dominated conditions (Graham and others, 2014) when the effect of tributaries is minimal.
Nutrient analysis focuses on nitrate plus nitrite (as nitrogen) and orthophosphorus (as phosphorus), because those nutrients constitute most of the total nutrient concentrations at below-normal and normal streamflow conditions at sites located downstream from the WWTFs on Indian Creek (Graham and others, 2014) . During the 2014 and 2015 surveys, nitrate plus nitrite and orthophosphorus constituted most of the Methods 9 total nitrogen and total phosphorus concentrations, respectively. The median nitrate plus nitrite contribution to total nitrogen concentrations was 87 and 84 percent during the 2014 and 2015 sampling events, respectively; median orthophosphorus contributions to total phosphorus were 85 and 94 percent during 2014 and 2015, respectively (table 2). Nitrate plus nitrite and orthophosphorus had the lowest contribution to total concentrations, and particulate nutrients had the highest contributions, at sites located upstream from the WWTFs during the 2014 and 2015 sampling events (sites 119th, Switzer, and 30).
Geographic Information Systems (GIS) Data Interpolation
The spatially dense, sensor-measured nitrate data were entered into ArcGIS (ver. 10.3.1), and processed using the "Topo to Raster" tool in the "3-D Analyst Toolbox" to interpolate between data points and create maps that visually represent nitrate concentrations (Esri, 2016) . Streamlines were buffered to 75 meters for data interpolation between points. Both the buffer data and data points used the projected coordinate system Universal Transverse Mercator (UTM) Zone 15 North with North American Datum (NAD) 1983.
Cumulative Difference Analysis
In order to quantitatively assess the longitudinal differences in spatially dense sensor-measured nitrate concentrations, the cumulative difference between data points was used. 
March 2012-June 2013 Sensor-Measured Nitrate Analyses
Sensor-measured nitrate data collected from the six fixed sites on Indian Creek and Tomahawk Creek during March 2012-June 2013 ( fig. 1 , table 1) were analyzed to determine the broad spatial and temporal differences in concentration among sites. Nitrate concentrations were used to compute instantaneous loads (milligrams per second, mg/s) by multiplying concentration by discharge and by a conversion factor. Cyclical variability was quantified during below-normal and normal streamflow conditions by calculating the differences between the daily minimum and maximum concentrations.
Nitrate Pulse Analysis
Sensor-measured nitrate data at the College, Marty, and Mission Farms sites during March 2012-June 2013 indicated a cyclical pattern of increasing and decreasing nitrate concentrations. The cyclical pattern was verified as real, and not a sensor artifact, through the collection of discrete samples every hour over a 24-hour period at one site upstream from the Middle Basin WWTF (119th) and two downstream sites (College and Marty) ( fig. 3A) . During the 24-hour sampling, the cyclical pattern was most evident at the College site, located approximately 1.0 km downstream from the WWTF. Later data collected directly at the Middle Basin WWTF effluent discharge indicated that the cyclical patterns likely were caused by the WWTF, rather than in-stream processes ( fig. 3B ).
The cyclical nitrate pattern caused by the Middle Basin WWTF allowed maximum concentrations (hereinafter referred to as "pulses") to be tracked downstream from the WWTF between the College and Mission Farms sites. At the State Line site, the effect of the Middle Basin WWTF was masked by the Tomahawk Creek WWTF effluent discharge. Pulse maxima were selected for analysis because they provided the clearest signature to track pulse movement downstream ( fig. 4A ). The signatures of 146 pulses could be tracked 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00 00:00 00:00 12:00 12:00 00:00 12:00 00:00 12:00 through all three downstream sites, and maxima from these pulses were aligned ( fig. 4B ). Aligning nitrate maxima generally allowed the same parcel of water to be tracked downstream and the change in nitrate concentration between sites was quantified on a pulse-by pulse basis. Sensor-measured nitrate data from the College, Marty, and Mission Farms sites (2012-13) were analyzed for among-site and among-reach differences in pulse maximum nitrate concentrations. Data at each site were segregated into discrete ranges (bins) at specific concentrations. For amongsite comparisons, a bin size of 1 mg/L was used. For amongreach analysis, a bin size of 0.25 mg/L was used. Bin size was determined to allow a clear visualization of the overall pattern based on observed concentrations. Data were plotted based on the number of occurrences (frequency) of pulse maximum concentrations (for among-site comparisons) or pulse maximum concentration differences (for among-reach comparisons) within each bin. This allowed a visual representation of the distribution of peak nitrate concentrations at each site and the differences in peak nitrate concentrations between reaches.
Spatially Dense Longitudinal Survey Results
Four spatially dense longitudinal surveys were performed on Indian Creek during 2013-15, and included a combination of fixed-site sensors, floating-sensor arrays, and discrete sample collection. Surveys were performed over a range of below normal to slightly above-normal streamflow conditions, with wastewater effluent contributing from 38 to 100 percent of total streamflow. For simplicity, hereinafter all nitrate plus nitrite (as nitrogen) concentrations are referred to as "nitrate" and all orthophosphorus (as phosphorus) concentrations are referred to as "orthophosphorus."
May 23, 2013
A locally designed floating-sensor platform ( fig. 2A ) was tested from 10:45 to 18:00 on May 23, 2013. The primary purpose of the test was to assess if the platform could be used to conduct a Lagrangian (that is, follow a parcel of water downstream) water-quality survey in Indian Creek. The test was performed along an approximately 3.4-km reach of Indian Creek between the College and Marty sites ( fig. 1) The floating-sensor platform test indicated that greater stream depths were needed to effectively use the platform, because natural flow velocities were not adequate in shallow water to effectively move the free-floating platform downstream and follow the parcel of water. A different approach (kayaks) suitable for shallower depths and self-propulsion through pools was used in future surveys ( fig. 2B ). The test also indicated that true Lagrangian surveys of Indian Creek were impractical using this method, given the number of long, slow pools in the tested reach. Discrete nitrate samples for comparison with sensor-measured nitrate concentrations were not collected during this test since the primary objective was platform performance. However, sensor-measured nitrate concentrations during the test (4.2 to 4.9 mg/L) were similar to sensor-measured nitrate concentrations at the fixed College 
July 23, 2014
The July 23, 2014, survey was performed from 07:00 to 21:00 along the 13.2-km reach of Indian Creek, from the Switzer to State Line sites ( fig. 1 ). Fixed-site nitrate and other water-quality parameters were operated at the Switzer, Middle Basin WWTF, and Marty sites for 48 hours, from the Spatially Dense Longitudinal Survey Results 13 afternoon of July 22 through the afternoon of July 25. The nitrate sensor at the Switzer site stopped recording data after 4 hours of operation and data for this site are not included in the report. Discrete water-quality samples for nutrient analysis were collected approximately every 0.5 km from the Switzer to State Line sites, from the Middle Basin and Tomahawk Creek WWTF effluent, and from five tributary streams (Tributaries 1-4 and Tomahawk Creek; fig. 1 ). Streamflow conditions along the study reach were evaluated using data from the long-term gaging stations (operated for the Graham and others, 2014 The fixed-site nitrate sensor data were not corrected to laboratory samples because only one discrete sample was collected at each site. The available data indicate that sensormeasured nitrate concentrations were similar (within 4 percent at Middle Basin WWTF and 15 percent at Marty; fig. 7 ) to the laboratory-measured concentrations and likely reflect temporal and spatial patterns, but not necessarily actual concentrations. The spatial nitrate sensor data were corrected to laboratory samples following Graham and others (2014) fig. 8B, D) .
July 30, 2015
The July 30, 2015, survey was performed from 07:00 to 15:00 along the 13.2-km reach of Indian Creek, from the Switzer to State Line sites ( fig. 1 ). Fixed-site nitrate and other water-quality sensors were not operated and discrete waterquality samples were not collected as part of this survey; therefore, laboratory sample data were not available to correct nitrate sensor data. Therefore, sensor data likely reflect spatial patterns in nitrate, but not necessarily actual nitrate concentrations. Streamflow conditions along the study reach were evaluated using data from the long-term gaging stations (operated for the Graham and others, 2014 study) located at Marty and State Line. On July 30, 2015, streamflow conditions were normal at the Marty (24 ft 3 /s) site and slightly above-normal at the State Line (69 ft 3 /s) site, and wastewater effluent contributed about 68 percent and 38 percent to streamflow at each site, respectively. A small runoff event occurred within 24 hours of the July 30, 2015, survey, but streamflows at the Marty and State Line sites had returned to conditions similar to those before the event before the survey was performed, and nitrate concentrations were likely approaching background, pre-event conditions. Sensor-measured nitrate concentrations ranged from a minimum of 0. 
August 26, 2015
Two surveys were performed on August 26, 2015, both along the 13.2-km reach of Indian Creek, from the Switzer to State Line sites ( fig. 1 ). The first survey was performed from 06:30 to 17:00, and the second survey was performed from 12:00 to 19:00. The start times of the surveys were offset by 6 hours to better characterize differences caused by the cyclical fluctuations in nitrate concentration at the Middle Basin WWTF. Discrete water-quality samples for nutrient analysis were collected every 0.5 km during the first survey, every 1.0 km during the second survey, from the Middle Basin and Tomahawk Creek WWTF effluent, and from five tributary streams (Tributaries 1-4 and Tomahawk Creek; fig. 1 ). Fixed-site sensors were operated at the Middle Basin WWTF from August 21 through August 27 and at the Marty site from August 23 through August 27. Streamflow conditions along the study reach were evaluated using data from the long-term gaging stations (operated for the Graham and others, 2014 Nitrate and orthophosphorus concentrations in the Middle Basin effluent were 11.0 and 2.1 mg/L, respectively at 07:00 and 11.4 and 2.3 mg/L, respectively at 12:10. In the Tomahawk Creek effluent, nitrate and orthophosphorus concentrations were 17.5 and 1.3 mg/L, respectively. Nitrate concentrations in all of the tributary streams except for Tributary 2 were less than 0.5 mg/L. Similarly, orthophosphorus concentrations in all tributary streams except Tributary 2 were at or below the laboratory reporting level of 0.05 mg/L. Tributary 2 had nitrate and orthophosphorus concentrations of 2.0 and 0.4 mg/L, respectively. As noted in 2014, the Tributary 2 sample location likely was directly affected by backwater from Indian Creek, rather than reflecting another nutrient source.
In di an Creek T o m a h a w k C r e e k J a m e s B r a n c h
The fixed-site nitrate sensor data were not corrected to laboratory samples because only one or two discrete samples were collected at each site. The available data indicated that sensor-measured nitrate concentrations were similar (within 12 percent at Middle Basin WWTF and 4 percent at the Marty site; fig. 10 ) to laboratory-measured concentrations and likely reflect temporal and spatial patterns in nitrate, but not necessarily actual concentrations. The fixed-site nitrate (sensor measured) at the Middle Basin WWTF and Marty sites indicated clear cyclical patterns in nitrate concentrations. Nitrate concentrations at the Middle Basin WWTF ranged from 6.1 mg/L to 14.7 mg/L, and varied by 4.0 to 6.0 mg/L during each cycle, with an approximate 12-hour difference between observed minima and maxima. The timing of minima and maxima were not consistent, but typically, minima occurred late at night or early in the morning and maxima occurred in the afternoon or early evening ( fig. 10) . Nitrate concentrations at the Marty site ranged from 4.9 to 10.8 mg/L, and varied by 2.0 to 4.0 mg/L during each cycle, with an approximate 12-hour difference between observed minima and maxima. As observed at Middle Basin WWTF, the timing of minima and maxima were not consistent; unlike Middle Basin WWTF, minima at Marty occurred mid to late morning and maxima occurred in mid to late evening. The peak nitrate concentrations observed at the Marty site likely reflect the peak that occurred at Middle Basin the day before. For example, the Middle Basin WWTF nitrate peak of 12.0 mg/L at 17:45 on August 24 is reflected in the Marty nitrate peak of 8.6 mg/L after midnight on August 26 (fig. 10 ). This pattern indicates that peak nitrate concentration declined by 3.4 mg/L between the two sites, a rate of decrease of about 0.62 mg/L/km between the Middle Basin WWTF and the Marty site. Comparing the peak nitrate concentration at Middle Basin on August 25 (14.7 mg/L) with the peak nitrate concentration at Marty on August 26 (10.8 mg/L) indicates a similar difference (3.9 mg/L) and rate of decrease (0.8 mg/L/km) between the two sites.
The spatial nitrate sensor data were corrected to laboratory samples as described in Graham and others (2014) using the discrete samples collected approximately every 0.5 km or 1.0 km along the study reach. Each survey performed on August 26, 2015 corrected nitrate sensor data using the discrete samples collected as part of that survey; data from the two surveys were not combined. Because nitrate data were corrected using regression models specific to each sensor, the minimum detection thresholds are different between the two surveys (first survey, 0.5 mg/L; second survey 0.1 mg/L). The regression models to correct nitrate sensor data are in appendixes 3 and 4.
Sensor-measured nitrate concentrations from the first August 26, 2015, survey ranged from less than 0.5 mg/L upstream from the Middle Basin WWTF to a maximum of 11.6 mg/L ( fig. 11A ). Nitrate concentrations increased steadily from 10.7 mg/L immediately downstream from the Middle Basin WWTF to the observed maximum of 11.6 mg/L approximately 1.3 km downstream from the Middle Basin WWTF (a rate of change of about 0.7 mg/L/km; fig. 11A, C) . Nitrate concentrations rapidly decreased by about 1.5 mg/L at the confluence with Tributary 1, and then increased to a second maximum of 11.3 mg/L approximately 2.8 km downstream from the Middle Basin WWTF. Nitrate concentrations decreased steadily from approximately 2.8 km downstream from the Middle Basin WWTF to the confluence with Tomahawk Creek. Concentrations decreased more rapidly from approximately 8.6 km downstream to the confluence with Tomahawk Creek (from 6.9 to 3.5 mg/L, a rate of change of about 1.4 mg/L/km), than between 2.8 km and 8.6 km downstream (from 11.3 to 6.9 mg/L, a rate of change of about 0.8 mg/L/km) ( fig. 11C ). At the confluence with Tomahawk Creek, nitrate concentrations dropped rapidly (about 3.0 mg/L/km) to a downstream minimum of 2.0 mg/L. Nitrate concentrations rapidly increased by 6.6 mg/L (from 2.0 mg/L to 8.6 mg/L) immediately downstream from the Tomahawk Creek WWTF (fig. 11A, C) . Downstream from the Tomahawk Creek WWTF, nitrate concentrations decreased at a slower rate of change than observed elsewhere along the study reach (about 0.4 mg/L/km) to a concentration of 7.9 mg/L at the State Line site.
General patterns in nitrate concentrations along the upstream-downstream gradient were similar between the first and second surveys on August 26, 2015; however, the distance downstream at which maxima and changes in concentration were observed differed between the two surveys because effluent from the Middle Basin WWTF traveled farther downstream ( fig. 11C) fig. 11B, C) . As observed during the first survey, nitrate concentrations downstream from the Tomahawk Creek WWTF decreased at a slower rate of change than observed elsewhere along the study reach (about 0.6 mg/L/km) to a concentration of 8.1 mg/L at the State Line site.
As observed in 2014, changes in discrete orthophosphorus concentrations along the study reach on August 26, 2015, were not as pronounced as nitrate concentrations ( fig. 11D-F) . Although data were collected at a higher resolution during the first survey (every 0.5 km) than the second survey (every 1.0 km), patterns and concentrations observed along the upstream-downstream gradient were similar. Cumulative differences in concentration appear greater during the second survey because of the lower frequency in discrete-sample collection ( fig. 11F ). Orthophosphorus concentrations ranged from less than the laboratory reporting level (0.05 mg/L) upstream from the Middle Basin WWTF to maxima of between 1.7 mg/L (first survey) and 1.9 mg/L (second survey) immediately downstream from the Middle Basin WWTF ( fig. 11D, E) . Orthophosphorus concentrations decreased steadily at a rate of change of about 0.1 mg/L/km from approximately 0.5 km downstream from the Middle Basin WWTF to just upstream from the Mission Farms site (approximately 9.7 km downstream), where the downstream minimum of 0.7 mg/L was observed during both surveys. Orthophosphorus concentrations increased by 0.3 mg/L (from 0.7 to 1.0 mg/L) between 9.7 km and 10.7 km downstream from the Middle Basin WWTF, then decreased by 0.2 mg/L (from 1.0 to 0.8) at the confluence with Tomahawk Creek (fig. 11F) ; the lower-frequency discrete-sample collection during the second survey did not capture this change. Orthophosphorus concentrations increased by 0.2 mg/L (from 0.8 mg/L to 1.0 mg/L) immediately downstream from the Tomahawk Creek WWTF. Orthophosphorus concentration did not change between the Tomahawk Creek WWTF and the State Line site ( fig. 11D-F) .
Temporally Dense Nitrate Data at Six Fixed Sites
Sensor-measured nitrate data were collected every 15 minutes at five sites on Indian Creek and one site on Tomahawk Creek from March 2012 through June 2013. Two sites (119th and Tomahawk) were located upstream from WWTFs, three sites (College, Marty, and Mission Farms) were located downstream from the Middle Basin WWTF, and one site (State Line) was located downstream from the Middle Basin and Tomahawk Creek WWTFs ( fig. 1 ). These sensor-measured nitrate data were used to describe the broad changes in nitrate concentrations along the upstream-downstream gradient in Indian Creek by Graham and others (2014) , but temporal variability in nitrate concentrations was not evaluated. In the following sections, the 2012 to 2013 sensor-measured nitrate data are used to describe the spatial and temporal (cyclical and seasonal) variability in nitrate concentrations.
Spatial Variability in Nitrate Concentrations
The two sites located upstream from the WWTFs had low average nitrate concentrations and instantaneous loads at below-normal, normal, and above-normal streamflow conditions ( fig. 12A, B) . Average nitrate concentrations at the 119th site, located approximately 2.4 km upstream from the Middle Basin WWTF, were 0.2 mg/L (range: less than 0.1 to 2.2 mg/L) at below-normal streamflows, 0.7 mg/L (range: less than 0.1 to 3.7 mg/L) at normal streamflows, and 1.4 mg/L (range: less than 0.1 to 3.3 mg/L) at above-normal streamflows. Similarly, at the Tomahawk Creek site, located approximately 2.6 km upstream from the Tomahawk Creek WWTF, average nitrate concentrations were 0.2 mg/L (range: less than 0.1 to 0.7 mg/L), 0.6 mg/L (range: less than 0.1 to 2.3 mg/L), and 1.4 mg/L (range: less than 0.1 to 3.6 mg/L) at below-normal, normal, and above-normal streamflows, respectively ( fig. 12A) . The College and State Line sites, located immediately downstream from the Middle Basin and Tomahawk Creek WWTFs ( fig. 1) , respectively, had the highest average nitrate concentrations across nearly all streamflow conditions (the Marty site has slightly higher average nitrate concentrations than the State Line site at above-normal flows). Downstream from the Middle Basin WWTF, average nitrate concentrations consistently decreased with increasing distance downstream. During below-normal streamflows, when streamflow conditions were dominated by effluent (Graham and others, 2014) Overall, along the entire reach (College to Mission Farms) during normal streamflow conditions, average nitrate concentrations decreased 2.2 mg/L (a rate of change of 0.3 mg/L/km). Decreases in average nitrate concentrations along the upstream-downstream gradient were more subtle during above-normal streamflow conditions, with average concentrations decreasing from 3.9 mg/L at the College site to 2.8 mg/L at the Mission Farms site ( fig. 12A ). Nitrogen in wastewater effluent typically is inorganic and dissolved, and decreasing nitrate concentrations with increasing flow is indicative of the fact that the dominant source of nitrate in Indian Creek is effluent. At stream sites affected by wastewater effluent, concentrations of dissolved constituents typically decrease with increases in streamflow because of dilution (Welch and Lindell, 1992) .
Though nitrate concentrations decreased along the upstream-downstream gradient across all streamflow conditions, instantaneous loads were similar at below-normal and normal streamflow conditions and increased at downstream sites during above-normal streamflows ( fig. 12B ). Above-normal streamflows in Indian Creek typically are caused by runoff events (Graham and others, 2014) , and average above-normal streamflows increased in the downstream direction, from 91 ft 3 /s at the College site to 156 ft 3 /s at the Mission Farms site ( fig. 12C ). Higher streamflows, and likely contribution of watershed nutrient sources in addition to wastewater effluent, resulted in higher overall nitrate loads during above-normal streamflow conditions. During above-normal streamflow conditions, average instantaneous nitrate loads were similar 12B ). Indian Creek streamflow during below-normal and normal streamflows is dominated (typically greater than 85 percent) by wastewater effluent (Graham and others, 2014) . Average streamflows between the College and Mission Farms sites were similar at below-normal (about 11 ft
Cyclical Variability in Nitrate Concentrations
Biological and other in-stream processes may cause diurnal variability in nitrate concentrations (Pellerin and others, 2009; Heffernan and Cohen, 2010) . At the upstream 119th and Tomahawk Creek sites, nitrate concentrations varied by 0.1 mg/L on average during below-normal and normal streamflow conditions, with differences as large as 1.6 mg/L observed over a 24-hour period ( fig. 13 ). Data in urban streams with a similar temporal resolution are unavailable for comparison; however, this range in variability is about 1 mg/L higher than the diurnal variation reported in a Florida spring and reported in California streams without direct wastewater effect (Pellerin and others, 2009; Heffernan and Cohen, 2010) . The biological and chemical processes involved in nutrient removal at the Middle Basin WWTF may cause cyclical variability in effluent nutrient concentrations that translates to receiving waters (Henze and others, 2002) . Cyclical variability was observed directly in the Middle Basin WWTF effluent during the spatial surveys, with differences as high as 6.0 mg/L over a 24-hour period; these differences directly affected nitrate concentrations and the magnitude of variability downstream (figs. 5, 7, and 10). At the downstream sites during March 2012 through June 2013, nitrate concentrations varied, on average, by 1.3 to 2.4 mg/L during below-normal and normal streamflow conditions. The highest variability was observed at the College site, located immediately downstream from the Middle Basin WWTF, with differences as large as 5.7 mg/L (average 2.4 mg/L) occurring over a 24-hour period. Variability decreased with increasing distance downstream from the WWTF; cyclical variability averaged 1.6 mg/L at the Marty site and 1.3 mg/L at the Mission Farms site ( fig. 13 ). The decrease in cyclical variability along the upstream-downstream gradient likely reflects the decrease in overall nitrate concentrations and lessening effect of the WWTF with increased distance downstream (figs. 12A and 13). The cyclical variability in nitrate concentrations at the downstream Indian Creek sites is caused directly by the WWTF effect, likely masking any effects caused by biological and other in-stream processes. the highest amount of decreases in the 1.26-1.50 mg/L range (28 percent) ( fig. 14B ). On average, maximum nitrate concentrations decreased by 1.2 mg/L and 1.0 mg/L in the upper and lower reaches, respectively; maximum nitrate concentrations decreased by about 13 percent, on average, along both reaches (table 3) . Average rates of decrease were 0.3 and 0.2 mg/L/km along the upper and lower reaches, respectively. These values generally match the decreases and rates observed for average nitrate concentrations at below-normal and normal streamflows ( fig. 12A) . Decreases along the upper reach were significantly, and positively, correlated with initial nitrate concentration at the College site (rho=0.59, p-value less than 0.01, n=146), indicating that higher decreases in nitrate were associated with higher initial nitrate concentrations. A similar relation was not observed along the lower reach. Initial nitrate concentration at the Marty site was not significantly correlated with decreases in nitrate concentration along the reach (rho=-0.16, p-value=0.05, n=146) . Decreases in nitrate concentration were not significantly correlated with the percentage of streamflow contributed by WWTF effluent along either reach (upper reach: rho=0.04, p=0.62, n=146; lower reach: rho=-0.09, p=0.28, n=146). Frequency, in number of pulses D e c re a s e in m a x im u m n it ra te p lu s n it ri te c o n c e n tr a ti o n , in m il li g ra m s p e r li te r a s n it ro g e n fig. 1 ) in 2014. In 2015, the maximum potential tributary input was 4 percent (tributary 1; fig. 1 ). Although these are only two discrete points in time, data suggest that the tributary input is not consistent. Because of the small size of the contributing tributary basins and large percentage of impervious surface, tributary inputs likely are driven by urban effects. These available data points suggest that dilution plays a role in decreases in nitrate concentration along the study reach, although other factors such as sorption to and desorption from sediments, biological processes, or other in-stream processes also are important in decreased nitrate concentration along the study reach.
Reach-to-Reach Differences in Nitrate Concentrations
Time of year may affect decreases in nitrate concentration along the upstream-downstream gradient because streamflows affect dilution, and temperature, light, and other environmental factors effect in-stream processes that affect nutrient cycling (Allan, 1995) . Seasonal patterns in maximum nitrate concentrations matched the overall among-site pattern in average and maximum nitrate concentrations (figs. 12A, 14A, 15A), with maxima decreasing with increasing distance downstream from the Middle Basin WWTF. The highest average maxima occurred in spring, and the lowest occurred in winter ( fig. 15A ). Despite this overall pattern, the maximum observed nitrate concentration (13.3 mg/L) occurred during summer and the minimum observed concentration occurred during fall (3.6 mg/L).
Along the study reach between College and Mission Farms, average decrease in maximum nitrate concentration did not vary substantially among seasons (2.2 to 2.4 mg/L; fig. 15B ). However, the pattern in average decrease between the upper and lower study reaches did differ by season. During spring and summer, decreases in nitrate concentration were 44 to 100 percent higher along the upper reach (1.6 and 1.3 mg/L, respectively) than along the lower reach (0.8 and 0.9 mg/L, respectively). In contrast, average decrease in maximum nitrate concentration was 30 percent higher along the lower reach (1.3 mg/L) than the upper reach (1.0 mg/L) in winter. Decreases along the upper and lower reaches were similar (1.2 and 1.1 mg/L, respectively) during the fall ( fig. 15B ).
Spatiotemporal Variability of Inorganic Nutrients in Indian Creek
The cyclical variability in nitrate concentrations in the Middle Basin WWTF effluent substantially affected the spatial and temporal patterns observed in Indian Creek during the longitudinal surveys and at the fixed-site locations. Nitrate concentrations in the Middle Basin WWTF effluent and at downstream sites varied by as much as 6 mg/L over a 24-hour period (figs. 5, 7, 10, and 13). The cyclical variability in Middle Basin effluent generated a nitrate pulse that could be tracked for approximately 11.5 km downstream in Indian Creek, until the effect was masked by the Tomahawk Creek WWTF effluent discharge.
All four of the spatially dense longitudinal surveys showed the same general patterns along the upstream-downstream gradient, though streamflows (10-69 ft 3 /s), effluent contributions (38 to 100 percent) to streamflow, and nutrient concentrations (figs. 6, 8, 9, and 11) spanned a wide range. figs. 8 and 11 ). In general, orthophosphorus concentrations decreased downstream from the Middle Basin WWTF to minima near the confluence with Tomahawk Creek, increased downstream from the Tomahawk Creek WWTF, and then varied little to the State Line site. Tomahawk Creek data indicated a clear dilution effect on nitrate, but not orthophosphorus, concentrations in Indian Creek. Orthophosphorus was not measured at the same spatial resolution as nitrate (every 0.5 to 1.0 km compared to sensor measurements at 30-second intervals), and temporal variability was not quantified. Therefore, some of the differences in observed patterns may be due to differences in the way the two nutrients were measured. Differences also may be due to differences in the treatment processes for the two nutrients (Henze and others, 2002; Tchobanoglous and others, 2003) and differences in biological and other in-stream processing of the two nutrients (Allan, 1995) .
Despite the marked variability in nitrate concentrations caused by the WWTF, patterns of decreasing nitrate concentrations were discernable along the upstream-downstream gradient using the fixed-site data collected from March 2012 through June 2013. Tracking pulse peaks (maxima) in nitrate concentration downstream allowed quantification of decreases in the same general parcel of water over time. Decreases in nitrate concentrations along the 8.7-km study reach between College and Mission Farms sites were less variable (0.72-3.6 mg/L) than the cyclical variability typically recorded along the same reach (0.2-5.7 mg/L) (figs. 13 and 14A), reiterating the effect of the Middle Basin WWTF on the spatiotemporal variability of nitrate in Indian Creek.
On average, maximum nitrate concentrations decreased by about 2.3 mg/L between the College and Mission Farms sites ( fig. 14B ). Initial nitrate concentration was positively correlated with decreases, indicating higher initial concentrations resulted in greater decreases. For the College to Mission Farms reach, decreases in nitrate concentration were generally consistent across seasons ( fig. 15B ). By comparison, although decreases and rates of change in nitrate concentration were similar between the upper (College to Marty) and lower (Marty to Mission Farms) reaches, relations with initial nitrate concentrations and seasonal patterns were different between the two reaches and did not reflect patterns observed for the overall reach (figs. 14B and 15B). Initial nitrate concentration was only correlated with decreases in the upper reach, suggesting initial concentrations were not as important in determining decreases in the lower reach. Seasonally, decreases were higher in the upper reach than the lower reach during spring and summer. In winter, differences were less pronounced, but were higher in the lower reach than the upper reach ( fig. 15B ).
Quantifying the decreases in nitrate concentration caused by dilution and other in-stream processes were beyond the scope of this study, and limited by available data. The data that are available suggest that dilution and other in-stream processes play a role in decreasing nitrate concentrations downstream from the Middle Basin WWTF in Indian Creek. In-stream processes that may cause decreases in nitrate concentrations include sorption to streambed sediments and biological processes (Allan, 1995) . Graham and others (2014) determined that streambed-sediment nitrate concentrations were three orders of magnitude higher downstream from the Middle Basin WWTF than upstream, indicating nitrate losses to the sediment occur. Biological primary productivity production in Indian Creek was positively correlated with nitrate concentrations, and although rates varied seasonally, they consistently decreased in the downstream direction from the College to Mission Farms sites (Graham and others, 2014) . However, establishing clear associations between primary production and nutrient concentrations is difficult, particularly when nutrients are abundant (Mulholland and others, 2001; Dodds and others, 1998) .
Analysis of the spatiotemporal variability of nutrients in Indian Creek focused on below-normal and normal streamflow conditions, when streamflow and nutrient concentrations in Indian Creek were largely controlled by WWTF effluent flows and nutrient removal processes. Spatial and temporal data indicate there are decreases in nutrient concentrations along the upstream-downstream gradient in Indian Creek, but quantifying decreases are complicated by the variability in nutrient concentrations caused by the WWTFs. During below-normal and normal streamflow conditions, Indian Creek nutrient concentrations downstream from the Middle Basin WWTF primarily reflect effluent concentrations in the hours or days before depending on relative distance downstream.
Summary
Nutrients, particularly nitrogen and phosphorus, are a leading cause of water-quality impairment in Kansas and the Nation. Understanding the variability of nitrogen and phosphorus in Kansas streams will help develop effective nutrient reduction strategies, watershed management plans, and best management practices. During 2011-13, the U.S. Geological Survey, in cooperation with Johnson County Wastewater, performed a study to assess the effects of wastewater effluent on the environmental and biological conditions of Indian Creek, Johnson County, Kansas. Indian Creek is one of the most urban drainage basins in Johnson County, Kansas, and environmental and biological conditions are affected by contaminants from point and other urban sources. The Johnson County Douglas L. Smith Middle Basin (hereinafter Middle Basin) wastewater treatment facility (WWTF) is the largest point-source discharge on Indian Creek. A second facility, the Tomahawk Creek WWTF, discharges into Indian Creek approximately 11.6 kilometers downstream from the Middle Basin WWTF. Results from a previous study indicated that wastewater effluent has a substantial effect on nutrient concentrations in Indian Creek. To better characterize the spatiotemporal variability of nutrients in Indian Creek, the U.S. Geological Survey, in cooperation with the Kansas Department of Health and Environment and Johnson County Wastewater, collected high-resolution spatial data (a large number of samples collected over the entire reach or at single locations over a long period of time) using a combination of discrete samples and sensor-measured data from 2013 to 2015. These spatial data provided insights into nutrient transport downstream from the Middle Basin WWTF, and allowed a more comprehensive temporal analysis of continuously measured nitrate data collected at six Indian Creek and Tomahawk Creek sites from March 2012 through June 2013.
The purpose of this report is to describe inorganic nutrient (nitrate plus nitrite and orthophosphorus) variability in Indian Creek, Johnson County, Kansas, using spatially and temporally dense data collected from March 2012 through August 2015. Two intensive spatial studies performed during summers 2014 and 2015 included sensor-measured nitrate plus nitrite data and collection of discrete orthophosphorus samples. Two additional spatial studies in 2013 and 2015 collected sensor-measured nitrate plus nitrite data. Sensormeasured nitrate plus nitrite data collected every 15 minutes during March 2012 through June 2013 were used to describe spatial and temporal (cyclical and seasonal) variability in concentrations. The high-resolution spatial data provided insight about the effect of the Middle Basin WWTF on Indian Creek nitrate plus nitrite concentrations and informed the analysis of the high-resolution temporal data collected during March 2012 through June 2013.
The spatiotemporal variability of nutrients in Indian Creek was characterized using a combination of floatingsensor arrays, discrete samples, and fixed-site sensors along a 16-kilometer (km) reach of Indian Creek, including two wastewater treatment facilities (Middle Basin, Tomahawk Creek) and five tributaries. Six of the sites were included in the 2011-13 study, and serve as a frame of reference for all other sites included in the current (2016) study. Five of the sites were located on Indian Creek and one site was located on Tomahawk Creek, the largest tributary to Indian Creek. The 119th and Tomahawk sites were located upstream from the Middle Basin and Tomahawk Creek WWTF effluent discharges. The College, Marty, and Mission Farms sites are located 1.1, 5.5, and 9.8 km, respectively, downstream from the Middle Basin WWTF effluent discharge. The State Line site is located 13.6 km downstream from the Middle Basin WWTF effluent discharge and 2.0 km downstream from the Tomahawk Creek WWTF effluent discharge.
Four spatially dense longitudinal surveys were performed on Indian Creek during 2013-15, and included a combination of fixed-site sensors, floating-sensor arrays, and discrete sample collection. Surveys were performed over a range of below normal to slightly above-normal streamflow conditions, with wastewater effluent contributing from 38 to 100 percent of total streamflow. Sensor-measured nitrate data were collected every 15 minutes at six fixed-sites from March 2012 through June 2013. The sensor-measured nitrate data were used to describe spatial and temporal (cyclical and seasonal) variability in nitrate concentrations.
The cyclical variability in nitrate concentrations in the Middle Basin WWTF effluent substantially affected the spatiotemporal patterns observed in Indian Creek during the longitudinal surveys and at the fixed-site locations. Nitrate concentrations in the Middle Basin WWTF effluent and at downstream sites varied by as much as 6 milligrams per liter over a 24-hour period. The cyclical variability in Middle Basin effluent generated a nitrate pulse that could be tracked for approximately 11.5 km downstream in Indian Creek, until the effect was masked by the Tomahawk Creek WWTF effluent discharge.
All four of the spatially dense longitudinal surveys showed the same general patterns along the upstream-downstream gradient, though streamflows, effluent contributions to streamflow, and nutrient concentrations spanned a wide range. With the exception of Tomahawk Creek, tributaries contributed small amounts of flow and nutrients to Indian Creek. Nutrient patterns observed along the upstream-downstream gradient were largely affected by the WWTFs and the travel time of the parcels of water. In all surveys, nitrate concentrations initially decreased downstream from the Middle Basin WWTF, increased to a peak somewhere upstream from the Marty site, and decreased at varying rates to downstream minima at the confluence with Tomahawk Creek. Nitrate concentrations increased immediately downstream from the Tomahawk Creek WWTF and either decreased or varied little to the State Line site. The nitrate peaks encountered upstream from the Marty site reflect peaks in nitrate concentrations that occurred approximately 24 hours before arrival at the Middle Basin WWTF. The magnitude and location of the nitrate peaks upstream from the Marty site depended on the
